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Abstract: Single particle interferometric scattering microscopy has demonstrated great
capability in label-free imaging of sub-wavelength dielectric nanoparticles (r<25 nm);
however, it suffers from diffraction-limited resolution. Here, we demonstrate ∼2-fold im-
provement in lateral resolution upon asymmetric illumination.
OCIS codes: 180.3170,110.3175, 110.1758
1. Introduction
Label-free (direct) imaging of weakly-scattering sub-wavelength low-index nanoparticles, e.g., silica nanospheres,
viruses, and exosomes, has been highly-desirable in nanoscience. Imaging of such nanoparticles under a conven-
tional microscopy poses two major challenges: (i) low-contrast due to their very small scattering cross-sections
and (ii) diffraction-limited resolution due to the well-known Rayleigh limit. Recent advancements in the field of
label-free nanoimaging enhance low-contrast signal levels beyond the noise limit of the imaging system, thus, en-
abling highly-sensitive detection of sub-diffraction limited nanoparticles [1–5]. In particular, recently developed
interferometric scattering microscopy techniques such as SP-IRIS [3], ISCAT [4], and COBRI [5] demonstrate the
shot-noise limited detection of nanoparticles down to a single protein, yet their imaging at high-resolution remains
still challenging. Here, we demonstrate ∼2-fold improvement in lateral resolution of single particle interferomet-
ric imaging (SPIRI) microscopy – formerly known as SP-IRIS – based on computational imaging with multiple
asymmetric illumination schemes. To do so, first, we established the vectorial linear forward model of SPIRI signal
in quasi-static limit(r λ ) and formulated the point spread functions (PSFs) correspond to different illumination
schemes. Then, we estimate the underlying objects – nanostructures in this case – by solving least-squares with
Tikhonov regularization. This framework could be also integrated into the aforementioned interferometric scat-
tering microscopy techniques. This study will open up ways to highly-sensitive, high-throughput, and label-free
detection and morphological characterization of nanoparticles with sizes from hundreds of nanometers down to
tens of nanometers in the visible light spectrum.
2. Methods
SPIRI microscopy is a simple yet powerful wide-field label-free microscopy technique where thousands of in-
dividual nanoparticles are simultaneously detected and characterized across a large-field of view (> 200 um).
Theoretical foundations of SPIRI have been omprehensively explained in recent years [3, 6]. Briefly, electric field
impinging on a nanoparticle – located atop of a Si/SiO2 layered substrate – scatters and partially reflects from
the planar interface. The layered substrate, here, enhances the scattering field as well as provides a reference field
for the interference in a common-path interferometer configuration. This interferometric signal can be formulated
using angular spectrum representation (ASR) approach in the quasi-static dipole approximation where the particle
of interest has a diameter much less than the wavelength (r  λ ). It is important to know that ASR treatment
depicts a more complete picture of the image formation in a high-resolution/NA optical system compared with the
scalar theory [7].
SPIRI uses a spatially low coherent light source, i.e., light emitting diode (LED), hence, interference owing
to each individual plane waves are incoherently summed within the NA of the microscope objective. The refined
vectorial solution of the SPIRI signal at image plane can be explained as following:
I = ∑
mεNA
[
|Er,m |2 +2|Er,m||Es,m|cos(θ)+ |Es,m |2
]
(1)
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where m denotes individual plane waves, Er and Es denote the specularly reflected field from Si/SiO2 layered
substrate and scattering field from the nanoparticles, respectively, and θ denotes the phase delay between Er
and Es. The interferometric cross-terms in Eq. 1 realizes linear detection of weakly scattering field enhanced
with a strong reference signal. Since scattering intensity of sub-diffraction limited nanoparticles is much smaller
than the cross-term and reference intensity, the third term in Eq.1 becomes negligible small. To simplify, we can
define SPIRI contrast which is signal(second-term) to background(first-term) ratio. This SPIRI contrast is linearly
proportional to particle polarizability in the dipole limit. Knowing that, we establish a linear forward model for
the SPIRI signal in this limit. A low-index nanoparticle, i.e., 50 nm diameter silica nanosphere, polarizability is
used to calculate the point spread function of the system at 420 nm 100x/0.9 NA.
3. Results
We build an experimental setup similar to described in [3]. We employ a lower illumination wavelength (420 nm)
LED source and a higher magnification/NA objective (100x/0.9NA). Also, we replace the apodization mask with
a custom-machined mask which has a 60◦ circle-sector(like a pizza slice) opening to achieve asymmetric sam-
ple illumination. The illumination mask and the objective back-focal are conjugate planes in Ko¨hler illumination
geometry which allows for pupil engineering in the illumination path, thus, PSF engineering. Such asymmetric
illumination extends the spatial frequency support by a factor of ∼2 [8]. To do so, series of images of the sam-
ple is taken at different mask orientations and combined in Fourier space. Then, the underlying nanostructure is
estimated by solving the least-squares with Tikhonov regularization. The experimental validation of the proposed
resolution improvement compared with the conventional SPIRI is demonstrated on custom-fabricated Si/SiO2 res-
olution target (Fig 1-a). The nanostructure patterns are imprinted with e-beam lithography (EBL) process on top of
SiO2 layer. As seen from Fig. 1-b, the reconstructed image clearly resolves the nanostructures imprinted in quasi-
arbitrary orientations. We also provide gold-standard, scanning electron microscopy, images of the nanostructures
(Fig. 1-d).
Fig. 1: (a) Full field-of-view reconstructed image of e-beam lithography imprinted sample. (b) and (c) are recon-
structed and conventional zoom-in images of (a), respectively. (d) scanning electron microscopy (SEM) images of
upper-left word pattern (top) and lower-left word pattern (bottom).
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